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Summary  In  this  study,  an  attempt  has  been  made  to  study  the  performance  characteristics
of diagrid  structures  using  nonlinear  static  pushover  analysis.  The  models  studied  are  circular
in plan  with  aspect  ratio  H/B  (where  H  is  total  height  and  B  is  the  base  width  of  structure)
varying from  2.67  to  4.26.  The  three  different  angles  of  external  brace  considered  are  59◦,
71◦ and  78◦ (Kim  et  al.,  2010).  The  width  of  the  base  is  kept  constant  at  12  m  and  height  of
the structure  is  varied  accordingly.  The  nonlinear  behaviour  of  the  elements  is  modelled  using
plastic hinges  based  on  moment—curvature  relationship  as  described  in  FEMA  356  guidelines.
Seismic response  of  structure  in  terms  of  base  shear  and  roof  displacement  corresponding  to
performance  point  were  evaluated  using  nonlinear  static  analysis  and  the  results  are  compared.
For 71◦ brace  angle  model  base  shear  at  performance  shows  an  increase  in  all  the  aspect  ratio
considered  in  the  study.  The  performance  of  the  structure  is  inﬂuenced  by  brace  angle  and
aspect ratio.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
rg/l(http://creativecommons.o This article belongs to the special issue on Engineering and Mate-
ial Sciences.
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 diagrid  structure  is  a form  of  a  space  truss  which  is
ffective  in  reducing  shear  deformation,  as  they  carry
he  lateral  load  by  an  axial  action  of  diagonal  members.
he  use  of  braces  in  the  perimeter  of  structure  results
n  structurally  efﬁcient  behaviour,  attracting  interest  from
tructural  designers  of  tall  buildings.  The  bracing  angle  is
mportant  in  resisting  lateral  as  well  as  gravity  load.  This
ype  of  structural  form  results  in  signiﬁcant  reduction  in  the
icle under the CC BY-NC-ND license (http://creativecommons.org/
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The  reason  for  such  behaviour  of  71◦ brace  angle  models
might  be  due  to  the  better  contribution  of  71◦ braces  in
resisting  lateral  loads  in  comparison  with  59◦ and  78◦ braces.
The  study  of  the  formation  of  hinges  also  shows  that  lessAnalytical  study  of  diagrid  structure  using  nonlinear  static  p
amount  of  structural  steel  as  studied  by  Kamath  and  Ahmed
(2015).
Pushover  analysis
In  pushover  analysis,  the  structure  is  subjected  to  monoton-
ically  increasing  lateral  loads  till  the  target  displacement  is
reached.  Pushover  analysis  is  conducted  using  the  displace-
ment  controlled  method.  In  displacement  control  method,
the  displacement  of  the  top  storey  of  the  structure  is
incremented  step  by  step,  such  that  required  horizontal
forces  pushes  the  structure  laterally.  Base  shear  vs.  roof  dis-
placement  curves  is  obtained  from  pushover  analysis.  These
curves  are  called  pushover  or  capacity  curves.  The  inter-
section  of  these  curves  with  the  seismic  demand  curves
gives  the  performance  point.  Krawinkler  and  Seneviratna
(1998)  studied  that  the  nonlinear  behaviours  such  as  yielding
and  failure  mechanism  are  obtained  using  nonlinear  static
pushover  analysis.
Description of structural model
The  model  considered  in  the  present  study  is  circular  in  the
plan  as  studies  conducted  by  Kamath  and  Ahmed  (2015).
The  typical  plan,  elevation  and  3-D  model  of  the  diagrid
structural  model  are  as  shown  in  Fig.  1.  The  model  has  a
diameter  of  12  m  and  each  of  storey  height  3.2  m.  All  the
structural  models  are  assumed  to  be  hinged  at  the  base.  The
members  are  designed  according  to  IS  800:  2007.  For  beams,
ISLB  200  sections  are  used.  Columns  are  of  ISWB  450  sections.
For  braces,  steel  tube  section  of  outer  diameter  150  mm  and
10  mm  thickness  is  used.  Steel  of  grade  Fe250  is  used  for  all
sections.  The  concrete  slab  of  150  mm  thick  is  considered
in  the  present  study.  A  rigid  diaphragm  is  assigned  to  each
ﬂoor.  The  unit  weight  of  concrete  and  steel  are  adopted  as
25  kN/m3 and  78.5  kN/m3 respectively.  The  building  is  steel
moment  resisting  frame  and  periphery  brace  members  are
considered  to  be  pin  jointed.  The  structure  is  situated  in
seismic  zone  III  founded  on  a  medium  soil  in  accordance  with
IS  1893:2002  (Part  I).
Loadings  considered  for  models
Live  load  on  the  ﬂoor  is  taken  as  3.75  kN/m2 and  on  the
roof  is  2.5  kN/m2.  The  total  seismic  weight  is  calculated
as  mentioned  in  IS  1893:2002  (Part  I)  to  obtain  base  shear.
The  calculated  base  shear  is  distributed  uniformly  along  the
height  and  is  used  as  the  lateral  load  in  pushover  analysis.
Figure  1  (i)  Plan  of  diagrid  model,  (ii)  Elevation  of  diagrid
model,  (iii)  3-Dimensional  model.
F
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odelling details
TABS  has  been  used  for  modelling  and  analysis.  A  basic  com-
uter  model  is  created  and  user  deﬁned  plastic  hinges  are
ncorporated.  For  user  deﬁned  hinges  moment—curvature
ata  was  generated  for  beams  and  columns  using  following
quations.
y =  Zefy (1)
p =  Zpfy (2)
p =  1.18Zpfy
(
1  − P
Py
)
(3)
p = MpEI (4)
here  My is  the  yield  moment  and  Mp is  the  plastic  moment
or  beams  and  can  be  obtained  by  Eqs.  (1)  and  (2)  respec-
ively.  Zp is  the  plastic  section  modulus  and  Ze is  the  elastic
ection  modulus.  Eq.  (3)  gives  the  plastic  moment  for  the
olumn  with  varying  axial  load  P  and  load  at  yield  Py as
er  FEMA  356.  ˚p is  the  curvature  corresponding  to  plastic
oment  Mp and  is  obtained  by  Eq.  (4).
esults and discussion
he  results  obtained  from  the  analysis  are  compared  and  dis-
ussed  as  follows.  Fig.  2  shows  pushover  curves  for  59◦ brace
ngle  model  with  aspect  ratio  varying  from  2.67  to  4.26.  It
an  be  observed  from  these  pushover  curves  that  the  lateral
tiffness  of  the  structure  reduces  with  an  increase  in  aspect
atio.  It  can  also  be  observed  that  the  variation  of  base  shear
ith  roof  displacement  is  linear  in  the  initial  steps  and  there-
fter  it  shows  a non-linear  relation  due  to  the  yielding  of
embers.  Fig.  3  shows  the  performance  points  obtained  by
he  intersection  of  capacity  spectrum  and  demand  spectrum
or  59◦ brace  angle  model  for  varying  aspect  ratio.
Fig.  4  shows  base  shear  variation  at  performance  point
ith  different  brace  angles  for  varying  aspect  ratios.  For
1◦ brace  angle  model,  the  base  shear  at  performance  is
aximum  for  all  the  aspect  ratios  considered  in  this  study.igure  2  Pushover  curve  for  59◦ brace  angle  diagrid  structural
odel  of  different  aspect  ratios.
92  
Figure  3  Capacity  spectrum  vs.  demand  spectrum  for  59◦
brace  angle  diagrid  structural  model  of  different  aspect  ratios.
Figure  4  Variation  of  base  shear  at  performance  with  brace
angles for  four  aspect  ratios.
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Kigure  5  Variation  of  roof  displacement  at  performance  with
race angles  for  four  aspect  ratios.
umber  of  hinges  are  formed  at  performance  points  for  71◦race  angle  models  in  comparison  with  59◦ and  78◦ brace
ngle  models  at  all  the  aspect  ratios  considered  in  this  study.
rom  Fig.  4  it  can  also  be  observed  that  for  78◦ brace  angle
odel  there  is  a  decrease  in  base  shear  at  performance  as
KK.  Kamath  et  al.
spect  ratio  increases  while  59◦ and  78◦ brace  angle  models
o  not  follow  this  trend.
Fig.  5  shows  the  variation  of  roof  displacement  at  per-
ormance  with  aspect  ratio  for  three  different  brace  angles.
t  can  be  observed  from  Fig.  4  that  for  all  the  structural
odels  considered  in  the  study,  roof  displacement  at  per-
ormance  point  decrease  with  a  decrease  in  aspect  ratio.
t  an  aspect  ratio  of  2.67  roof  displacement  at  the  perfor-
ance  is  lesser  for  59◦ brace  angle  model  and  is  higher  at
spect  ratio  4.26  in  comparison  with  roof  displacements  at
erformance  of  71◦ and  78◦ brace  angle  model.  The  probable
eason  for  such  behaviour  might  be  due  to  the  high  stiffness
ffered  by  59◦ brace  for  the  aspect  ratio  of  2.67  structural
odel  and  reduction  of  stiffness  of  the  structural  model  at
 higher  aspect  ratio  of  4.26.  However  as  shown  in  Fig.  4
t  an  aspect  ratio  of  4.26,  71◦ brace  angle  structure  models
how  a  better  reduction  in  roof  displacement.
onclusions
he  following  are  the  observations  drawn  from  the  present
nalysis.
1)  For  all  the  brace  angles  considered  59◦ brace  angle
structures  have  lower  base  shear  at  performance  for  all
the  aspect  ratios  considered  in  the  present  study.
2)  The  models  with  71◦ brace  angle  has  higher  base  shear  at
performance  compared  to  any  other  brace  angles  con-
sidered  in  the  study.
3) The  performance  of  the  structure  is  inﬂuenced  by  brace
angle  and  aspect  ratio.
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